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ABSTRACT

Identifying the potential routes of airborne transmission during transportation is of critical importance to limit the spread of the SARS-CoV-2
virus. Here, we numerically solve the Reynolds-averaged Navier-Stokes equations along with the transport equation for a passive scalar in order
to study aerosol transmission inside the passenger cabin of an automobile. Extending the previous work on this topic, we explore several driving
scenarios including the effects of having the windows fully open, half-open, and one-quarter open, the effect of opening a moon roof, and the scal-
ing of the aerosol transport as a function of vehicle speed. The flow in the passenger cabin is largely driven by the external surface pressure distri-
bution on the vehicle, and the relative concentration of aerosols in the cabin scales inversely with vehicle speed. For the simplified geometry
studied here, we find that the half-open windows configuration has almost the same ventilation effectively as the one with the windows fully
open. The utility of the moonroof as an effective exit vent for removing the aerosols generated within the cabin space is discussed. Using our
results, we propose a “speed-time” map, which gives guidance regarding the relative risk of transmission between driver and passenger as a func-
tion of trip duration and vehicle speed. A few strategies for the removal of airborne contaminants during low-speed driving, or in a situation
where the vehicle is stuck in traffic, are suggested.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079555

I. INTRODUCTION

The ongoing COVID-19 pandemic has revealed the extent of vul-
nerability of global populations to the highly contagious respiratory
pathogen, SARS-CoV-2. Although initially the modes of transmission
of the virus were somewhat unclear, recent evidence has shown that
they are spread primarily through tiny droplets and aerosols released
by infected individuals and transported by the air to the susceptible
during social interactions.'”'* This mode of transmission has been rec-
ognized by national and international agencies including the Centers
for Diseases Control and Prevention (CDC) in the USA and the
World Health Organization (WHO) alike.” With the aerosol mode of
transmission increasingly identified,”'**’ mitigation measures are
important as many countries now face the risk of second and third
waves of the more transmissible SARS-CoV-2 variants.

When in an indoor setting, an effective measure for mitigating
the risks of airborne transmission is to ensure the environment is well-
mixed and ventilated.”* *° Indoor air quality is often expressed in

terms of the number of air changes per hour (ACH), and when in a
confined space with multiple occupants, this can be given in terms of
the ventilation rate per occupant in the space, with typically recom-
mended value around 101/s per person.”” This circulation is achieved
using air vents, which are often designed to be physically separate
(entrance and exit vents). However, in certain circumstances, a single
vent can be used for both inlet and exit flows.” If the space can be
considered well-mixed, this air exchange rate can facilitate quick dilu-
tion of airborne particles, thereby reducing the viral load. Additionally,
studies have proposed improved social distancing guidelines while
inside indoor spaces, using space-time diagrams™ that take into
account not just the physical separation (space) between the interact-
ing individuals but also the duration of the interaction (time), which
can lead to an increased risk of airborne transmission.”’

One setting that highlights the risk of airborne diseases transmis-
sion in confined spaces relates to travel. There are several factors which
make transportation a high-risk environment, most importantly the
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prolonged duration of exposure to passengers who are not from the
same household. Travel-related interactions can contribute, in various
degrees, to the spread the SARS-CoV-2 virus. Several documented
infections are attributed to airborne transmission.”'** In commercial
airplanes, the vertical airflow patterns and the filtration of cabin air
every 3 min using high-efficiency particulate air filters (HEPA) poten-
tially lead to a low risk of transmission.”” In contrast, the flow patterns
in public buses are very different,”® and recent studies have highlighted
the special precautions needed to reduce the risks of transmission
among passengers.”” The risk of airborne transmission in passenger
cars is quite variable and is strongly dependent on the specific configu-
ration.”””* While the typical passenger car ride hosts fewer occupants,
the enclosure volume of a car cabin is also significantly smaller. More
importantly, air conditioning systems in cars are typically designed to
optimize the comfort of the occupants, not reducing airborne disease
transmission, and although HEPA filters are commonly used in mod-
ern automobiles, they are of variable quality.

Ott et al.”” and Saber and Bazargan"’ studied the persistence of
cigarette smoke inside the cabin of a passenger car subject to different
ventilation scenarios, while Miiller et al."' assessed the concentration
of contaminants entering from outside the cabin. However, these stud-
ies did not examine the microclimate within the cabin or the transport
of airborne pathogens from occupant to occupant. To address this,
Mathai et al.' performed a numerical study of the air exchange rates
and aerosol transmission within the cabin of a typical passenger car,
quantifying the utility of opening the windows and allowing fresh air
to enter the cabin and flush out potentially pathogenic airborne par-
ticles. They simulated the case of an automobile driven at a relatively
high speed of 50 miles per hour, and explored various combinations of
open and closed windows. The air flow around the vehicle establishes
an external pressure distribution and it was found that the air typically
enters the car through the rear windows and exits the cabin via the
front windows. When all four windows were opened, they found a
high air exchange rate of 250 ACH, or equivalently, 501/s per person.
When two windows, namely, the rear-left (RL) and the front-right
(FR), were opened, this resulted in an air draft entering the RL window
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and exiting the FR window with an air change rate of 150 ACH, or
301/s per person.

However, there are many practical challenges to driving with
windows fully open. For example, during cold winter months (or hot
summer months) the strong blast of incoming air along with its buffet-
ing noise can be discomforting to the occupants.>"’ Moreover, the
ventilation rates computed for fully open windows were well in excess
of the typically recommended values in most ventilation guide-
lines.””** Therefore, it may be worthwhile to explore partially open
windows as a practical compromise when the driving speeds are suffi-
ciently high, and a few alternate ventilation strategies when the driving
speeds are low.

In the present work, we continue the approach taken by Mathai
et al.' and explore an extended range of practical driving configura-
tions, including partially open windows, driving with an open moon-
roof (MR), and driving over a range of speeds. In Sec. II, we present
the details of the computational approach and describe eight driving
configurations (Configs. 1-8 in Fig. 1). Recognizing the biological vari-
ability and the unknown factors in the infectivity (viral shedding rate)
of individuals (factors including stage of infection, anatomy, age, and
obesity“ﬁ), our focus here will be to evaluate the “relative” risks of
transmission, rather than assigning absolute values to the infection
risk. Hence, we will be presenting comparisons of various driving con-
figurations and expressing transmission in terms of “percentages” of
released aerosols by one occupant inside the cabin, and reaching the
other.

In Sec. 111, we begin by analyzing the airflow patterns and aerosol
transmission with partially open windows. We then discuss the impli-
cations of opening the moonroof and its utility as an exit to the air
flow. A few of the configurations studied by Mathai et al." will be revis-
ited for the purpose of drawing comparisons. As a baseline case, we
consider driving with all four windows closed and the air-conditioning
system turned on—with air entering the cabin at the dashboard and
exiting near the rear of the cabin—that is common to many modern
automobiles.”** We evaluate the reduction in air exchange rate as a
result of lowering of driving speed and its effect on aerosol transport.

Config # Front Left Rear Left Front Right Rear Right  Moonroof
1 X QO QO X X
2 P HO HO X X
3 X O © X X
4 X X X X ©
5 X O X X ©
6 X O O X ©
7 ©) X X X X
8 X X K O X

O Window Open X Window Closed
QOQuarter window open HO half window open

FIG. 1. Model car geometry and driving configurations studied in the present work. (a) Schematic of the model car geometry with window identifiers the front-left (FL), rear-left
(FL), front-right (FR), rear-right (RR), and moonroof (MR). The two regions colored in black represent the faces of the driver and the passenger. Table on the right side summa-
rizes the eight configurations simulated, with various combinations of open and closed windows. The blue color shading in the rows (Configs. 1-3) refer to cases where the RL
and FR windows were partially or fully open at a driving speed of 50 miles per hour. Rows with gray color shading refer to configurations with an open moonroof (Configs. 4-6)
at the same driving speed. Rows with green color shading refer to configurations where the vehicle is at a standstill (Configs. 7 and 8).
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Modifying the approach of Yang et al.,” a model speed-time diagram
will be presented, which can be used to assess the relative concentra-
tion of aerosols in terms of the driving speed and the ride duration.
We then address the situation where the vehicle is stuck in traffic (i.e.,
at zero velocity) and discuss a few practical strategies for ensuring a
good ventilation when the natural flow of air due to the vehicle speed
is absent. The main conclusions of the study and future directions are
discussed in Sec. IV.

Il. COMPUTATIONAL APPROACH

The simulations were performed to numerically solve the
steady-state, three-dimensional Reynolds-averaged Navier-Stokes
(RANS) equations. The turbulence model used for closure was the
standard k-e model. A second-order upwind scheme was used for
numerical discretization, with the SIMPLE algorithm®’ for the
pressure-velocity coupling on a finite-volume-based computa-
tional fluid dynamics package (Ansys-Fluent v2020). The compu-
tational domain was of size 6h x 5h x 3h in the streamwise,
vertical, and spanwise directions, respectively, where h is the car
height. The car geometry was loosely modeled on a Toyota Prius.
The three-dimensional model of the vehicle was created in
SolidWorks CAD modeling package and the computational mesh
was generated using the Ansys-Workbench meshing tool. The inlet
flow boundary condition was a uniform velocity inlet, and a pres-
sure outlet was applied to the exit and tangential velocity pre-
scribed on the sides of the domain. In common with Mathai et al.,’
the interior of the cabin was simplified, and the driver and passen-
ger were modeled as two cylindrical bodies. The equations solved
were

o 10p 0wy Ou
Ui =_Xr 1y _ ]
/ axj P 8x,~ 8x](9xJ 8x] ’

1)

where %; and 1/ represent the mean and fluctuating velocity compo-
nents, respectively, p the mean pressure, v the kinematic viscosity, p
the density of air, and x; the three spatial coordinates and ¢ the time.
Here, the uju/ terms are modeled in terms of the turbulent kinetic
energy, k, and the turbulent dissipation rate, €, obtained using the stan-
dard k—e model.

The dispersal of aerosols within the cabin space and outside are
treated as a passive scalar, and the average concentration, ¢, is given
by the species transport equation,

L0009 o

Uu; =
Ox; Ox? Ox; '

(2

where ¢ and d)' represent the mean and fluctuation, respectively,
of the aerosol concentration, and D is the molecular diffusion coef-
ficient. u}¢’ is expressed in terms of the turbulent diffusivity.*” The
transport equations were solved until the residuals reduced to less
than 1 x 107°. The wall unit y* was chosen to lie in 30-300 range,
within the log-layer region.”” >” Grid independence analyses were
performed using three different incremental grid resolutions,
where the boundary layer element size was varied from 0.004 to
0.0008 m. These showed no appreciable difference for the overall
pressure, velocity and concentration fields, as well as for the aver-
aged concentration and air-exchange rates.

scitation.org/journal/phf

Note that in our analysis the molecular diffusion term is negligi-
ble compared to advection and turbulent diffusion. The scalar is a
proxy for non-interacting aerosol released continuously by the occu-
pants. The diffusion of the passive scalar is primarily driven by advec-
tion and turbulent diffusion effects. This was validated by injecting
various concentrations of the passive-scalar and observing that the sca-
lar field (percentage) within the cabin was unchanged. This approach
mimics the mixing of a high Schmidt number species, such as smoke
or aerosols released within the cabin.”

We note that the RANS approach employed here is not as
accurate as direct numerical simulations (DNS) where the full
Navier-Stokes equations are solved, resolving all relevant length
scales and time scales of the turbulent flow. Similarly, other
approaches, such as large eddy simulations (LES), might offer
improvements in accuracy compared the Reynolds-averaged
approach. However, DNS or LES can become prohibitively expen-
sive computationally and are often impractical for large-scale
flows, especially to address the timely subject of airborne transmis-
sion where multiple simulations and comparisons are necessary. In
this regard, the Reynolds-averaged approach has been used widely
in obtaining insights about turbulent flows and recently to study

53-59

the airborne disease transmission.’

lll. RESULTS AND DISCUSSION

We first consider the case of the vehicle driven at 50 miles per
hour and having two windows, rear-left (RL) and front-right (FR),
open. It was revealed in prior work' that this configuration resulted in
a good cross-ventilation and air exchange rate, well-exceeding the rec-
ommended ventilation rates for enclosed spaces.”” Since having the
windows fully open may not be practical under all weather conditions,
we now consider the airflow patterns and aerosol distribution with the
windows partially open, i.e., RL and FR windows quarter open (QO—
Config. 1), and half open (HO—Config. 2). Following the convention
used in Ref. 1, Fig. 2(a) shows a schematic of the car geometry with a
horizontal cut-plane passing at the mid-level of the windows. The bar
graph [Fig. 2(b)] shows the relative concentration of aerosols, C/C,, in
a 10-cm-diameter spherical zone surrounding the driver for the
quarter-open (Config. 1), half-open (Config. 2), and fully open
(Config. 3) windows. These values are also summarized in Table I. As
a reference, a case with all four windows closed and air conditioning
turned on is indicated with the dashed line. In Fig. 2(c), the concentra-
tion field on the horizontal midplane A-B-C-D is shown. Recalling
Ref. 1, this configuration is characterized by a strong current of air
entering at the rear-left (RL) window, flowing across the back of the
cabin and over the passenger before turning toward the front and exit-
ing the cabin through the front-right (FR) window. We note that the
configuration with windows quarter open does not establish a strong
air exchange rate and the aerosol concentration experienced by the
driver [Fig. 2(b)] is very similar to the windows-closed case. However,
having the windows half open significantly reduces the aerosol trans-
mission from passenger to driver, and opening the windows further, to
fully open (Config. 3), has only an incremental benefit over the half
open configuration.

Figure 3 illustrates the transmission from driver to passenger for
partially open and fully open windows (Configs. 1-3). Again, the
dashed line [Fig. 3(b)] shows the reference case with all four windows
closed and air conditioning with fresh air intake on. Surprisingly, we
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FIG. 2. Passenger-to-driver transmission with partially open RL and FR windows. (a) Schematic of the vehicle with a cut plane A-B-C-D passing through the mid-height of
the windows. (b) Average concentration of aerosols, originating from the passenger, and reaching the driver, expressed as a percentage. The dashed black line is the average
concentration that reaches from the passenger to the driver when all windows are closed and air conditioning turned on (Config. 1 of Ref. 1). (c) Concentration field of aerosols
originating from the passenger for quarter open, half open and full open windows. The dashed and the solid lines overlaid here denote open and closed windows, respectively.
Note that the line segment A-D is at the front of the car cabin, so the air flow direction in (c) is from left to right when viewed in the frame of reference of the moving car.

see that the quarter window open case has a higher driver-to-passenger
transmission than the all windows closed case. This occurs because the
fresh air intake rate due to the air conditioning (141/s per person) is
comparable to the air exchange rate for the quarter windows open set-
ting (151/s per person). Here again, for driver-to-passenger transmis-
sion, the half window open case (Config. 2) performs well, with a
noticeably lower concentration of aerosol transmission than the quarter
open case. For windows half-open, the concentration of aerosols reach-
ing the passenger has reduced to around 6.5%, [Fig. 3(b), Table IJ.

TABLE 1. Summary of air exchange rates and aerosol transmission between the
occupants (Driver—D and Passenger—P) for Configs. 1-6, which are at a driving
speed of 50 miles per hour. Baseline configuration refers to the case where all win-
dows are closed and the air conditioning system is turned on with fresh air intake
near the dashboard and exit vents at the rear end of the cabin.'

C/Cyx 100
Air change Ventilation
Config. rate (h™1) rate (I/s/person) P—D D—P
Baseline 65 14 8.4 11.2
1 72 15 7.4 13.8
2 96 20 4.3 6.5
3 140 30 4.5 2.5
4 138 29 8.5 4.2
5 211 44 2.1 0.9
6 264 55 1.2 1.6

With the windows fully open, the air exchange rate is further improved,
and only about 2.5% of the released aerosols from the driver reaches
the passenger. These results suggest that once a sufficiently strong air
flow pattern is established inside the cabin, the aerosols released by
either occupant are removed efficiently, and our analysis of partially
open windows (Figs. 2 and 3) suggests that having windows half-open
may present a practical compromise when driving at a relatively
high speed.

Mathai et al." demonstrated that having at least two windows open
establishes an effective cross-ventilation path, and one of the design prin-
ciples used by the authors to identify the windows to open was based on
the pressure distribution on the surface of the car [Fig. 4(a)], which
revealed that the side windows on the front had a slightly lower pressure
than the side windows on the rear. Consequently, when one rear window
and one front window were opened, fresh air predominantly entered the
cabin through the rear window, and exited through the front window.
From Fig. 4(a), we note, however, that the lowest pressure on the surface
of the car lies on the roof of the car where, if installed, the moonroof is
located. Applying the same principle to the selection of inlet and exit air
paths, one may, therefore, choose the moonroof as one of openings. We
explore this concept by studying three configurations (Configs. 4-6)
wherein the moonroof (MR) is kept open.

Config. 4 has the moonroof open, while all other windows
remain closed (Fig. 1). In Config. 5, the moonroof and the real left
(RL) window are opened. This establishes the maximal pressure differ-
ence possible, while also ensuring two separate openings. In Config. 6,
the moonroof (MR), the front-right (FR) window, and the rear-left
(RL) window are opened.
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FIG. 3. Driver-to-passenger transmission with partially open RL and FR windows. (a) Schematic of the vehicle with a cut plane A-B-C-D passing through the mid-height of
the windows. (b) Average concentration of aerosols (expressed as a percentage) that originated from the driver, and reaching the passenger. The dashed black line is the aver-
age concentration that reaches the passenger when all windows are closed and air conditioning turned on (Config. 1 of Ref. 1). (c) Concentration field of aerosols originating
from the driver for quarter open, half open, and full open windows. The dashed and the solid lines overlaid here denote open and closed windows, respectively. Note that the
line segment A-D is at the front of the car cabin, so the air flow direction in (c) is from left to right when viewed from the frame of reference of the moving car.

Figure 4(b) shows the normal (inlet/exit) velocity on the moon-
roof surface viewed from above for Configs. 4-6. The left side of the
image denotes the leading edge of the moonroof, and the right side its
trailing edge. Regions of the moonroof in blue indicate an outflow
from the passenger cabin, while regions in red indicate an inflow into
the cabin. When only the moonroof is open (Config. 4), we observe a
strong inflow region confined to the rear-edge of the moonroof. Since
the net flow is zero (as there is only one opening), this rate of inflow is
balanced by a milder outflow that is distributed over the front region

(a)

Pressure (gauge)

V =50 mph

of the moonroof. Note that this configuration might, in practice, be
accompanied by a strong Helmholtz cavity pulsation due to the com-
pressibility of the air, and would likely be very uncomfortable for the
cabin occupants.”’ In Config. 5, we see that the normal velocity distri-
bution is greatly modified when a rear window (RL, in this case) is
opened in addition to the moonroof. The favorable pressure gradient
between the RL window and the MR may be thought of as driving this
cross-flow, allowing fresh air to enter the cabin through the RL win-
dow and exit through the MR. It is interesting to note that the normal

(b) Normal Inflow Outflow
velocity (m/s) | I
-100  -5.0 0 5.0 10.0
60
0 0
3 = g
-60 g & 2
5 g 5
o o o
-120
-180

AN

FIG. 4. Pressure distribution on the surface of the car and moonroof flow. (a) Gauge pressure on the exterior surface of a car at a driving speed of 22 m/s (50 miles per hour).
The color bar shows the gauge pressure in Pascal, and highlights the range [—180, 60] Pa. Note that at this driving speed, the full range of gauge pressure on the surface is
[—361,301] Pa. The moonroof surface has a lower pressure relative to other regions. (b) Normal velocity on the open moonroof surface for Configs. 4-6. The first case
(Config. 4) has only the moonroof open, while all windows on the sides are closed. In Configs. 5 and 6, a cross-ventilation path is established by opening one additional window
(MR and RL open, as in Config. 5) and two windows (MR, RL, and FR open, as in Config. 6).
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velocity distribution on the moonroof is nearly uniform despite the
left-right symmetry breaking due to the open RL window. This sug-
gests that the pressure difference driving this flow is dominant. In
Config. 6, an additional window (FR) is opened. Since the FR window
also has a relatively low pressure [Fig. 4(a)], a fraction of the incoming
air from RL window leaves through the FR window. Because the
moonroof now competes with the open FR window, the right side of
the moonroof sees a region of inflow for Config. 6. The air exchange
rates for the three configurations are presented in Table I. When only
the MR is open, we obtain an air exchange rate of 138 ACH, or equiva-
lently 291/s per person. When the RL window and the MR are both
open, the air exchange rate increases dramatically to a value of 211
(441/s per person), while for Config. 6, the ACH climbs further to a
value of 264, or equivalently 551/s per person.

The aerosol transmission between the occupants, for Configs.
4-6, is shown in Fig. 5(b). The dashed lines in orange and red corre-
spond to the reference case where all windows are closed with the air
conditioning turned on. Figure 5(c) shows the concentration fields of
the aerosols on a plane located at mid-height of the cabin. The upper
row shows the transmission from the driver to the passenger (D — P),
while the lower row simulates the case of an infected passenger releas-
ing aerosolized particles. The location of the open moonroof is illus-
trated using a dashed boundary. In general, the proximity of the
moonroof to the driver allows for some of the aerosols released by the
driver to be flushed out. The passenger, however, is located farther
from the moonroof. Therefore, for P — D transmission, the moonroof
does not remove the aerosols as effectively as in the D — P case.

With only the MR open (Config. 4), the concentration of aerosols
is the cabin remains relatively high (=~ 8%), particularly when consid-
ering passenger-to-driver transmission (P — D). In comparison, for
D — P transmission, the average transmission is lower (=4%) due to
the proximity of the driver to the MR. The aerosol concentration fields
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improve significantly when the additional window (RL) is opened
[Figs. 5(b) and 5(c)]. The rear window acts as the primary inlet for
fresh air and the moonroof acts as the outlet. When a third window
(FR) is also open, we only observe a modest, incremental change in
the aerosol concentration inside the cabin. Therefore, the case with
two separate openings, RL and MR, is sufficient to establish a good
ventilation inside the cabin. It may also be noted that the moonroof
serves as a better air exit than the FR window considered by Mathai
etal,' as it has a 25% larger open area as compared to the FR window,
and also a lower pressure [Fig. 4(a)]. These features give rise to a 50%
higher air exchange rate and lower aerosol concentrations when open-
ing the moonroof instead of the FR window (comparing ACH for
Configs. 3 and 5 in Table I). It is also possible that the vertical pattern
of the airflow established by the open moonroof reduces cross-
contamination and allows for the removal of airborne particles more
effectively. Therefore, in vehicles with an active moonroof, Config. 5
can be considered to be a preferred driving configuration.

Table I presents a summary of the six configurations seen so far,
with their corresponding ventilation rates and the average aerosol
transport between the two occupants. All configurations presented in
the table, as well as those reported by Mathai et al." are associated with
a driving speed of 50 miles per hour. However, one can expect that the
air change rate depends on the speed of the car, particularly given the
fact that the ventilation flow is driven by the external pressure distribu-
tion which, assuming high Reynolds number, will scale with the square
of the vehicle speed, U”. In many urban scenarios, a major share of
driving occurs within city limits where it is uncommon to drive at a
high speed. To look into these scenarios, we study the aerosol trans-
mission patterns as a function of the driving speed. For convenience,
we choose Config. 3 discussed in Mathai et al.' and vary the driving
speed. Figure 6(a) shows the variation of the concentration inside the
cabin at different driving speeds. The green circular symbols

Config #5
. - g 100

o
s - =
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FIG. 5. Driver-to-passenger (D — P) and passenger-to-driver (P — D) transmission for a vehicle with a moonroof, driven at 50 miles per hour (= 22 m/s). (a) Schematic of
the vehicle with a cut plane, A-B-C-D, passing through the center of the cabin on which the subsequent concentration fields are shown. (b) Relative concentration of aerosols
reaching the occupants for the three configurations with moonroof open (Configs. 4-6). Red bars are the concentration of aerosols near the passenger, which originated from
the driver, and the orange colored bars show the concentration of aerosols near the driver, which originated from the passenger. (c) Panel showing the aerosol concentration
on the mid-plane A-B-C-D for the three configurations with the open moonroof. The upper row of the panel shows the concentration field for the species originating from the
driver, whereas the lower row shows the concentration field for the species originating from the passenger. The dashed and the solid lines denote the open and closed win-
dows, respectively. Note that the line segment A-D is at the front of the car cabin, and the flow direction in (c) is from left to right when viewed in the frame of reference of the
moving car. The dashed line denotes an open window and the solid line indicates a closed window. The moonroof facilitates the efficient removal of potentially infectious aero-

sols from the cabin.
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FIG. 6. Influence of driving speed and ride duration on aerosol mode of transmission. (a) Relative concentration of aerosols in the cabin as a function of the car speed. This
corresponds to a reference configuration wherein the rear left (RL) and front right (FR) windows are open. The green circles show the transmission from passenger to driver
(P — D), whereas the red circles show the transmission from driver to passenger (D — P). The curves are fits to the data. Note that the driver is at a slightly higher risk
when compared to the passenger, because of the rear-to-front circulating flow created by the two open windows (see also Ref. 1). The inset to (a) shows the same quantities
plotted on a log—log scale. We observe a scaling exponent of —1, indicating that the overall flow patterns are unchanged over this range of speeds, and the average transport
of aerosols is primarily a result of the advection, while the specific concentration patterns inside the cabin could be affected by the turbulent diffusion. (b) A speed~time diagram
of the average concentration of aerosols inside the cabin. The infection risk may be thought to increase as the driving speed is lowered, and when the duration of ride
increases. The red dashed line gives a relative measure of the infection risk, considering solely the aerosol mode of transmission, and following an approach similar to Yang
et al.” The upper limit of the color bar was arbitrary set, based on a few recommendations found in prior studies.**®" The shaded region in gray represents the “low speed

zone,” which is beyond the scope of the speed-time diagram presented here.

correspond to the passenger-to-driver transmission, whereas the red
circles show the driver-to-passenger concentration for the same case.
As expected, the aerosol concentration increases with the lowering of
car speed. The dashed lines show fits to the simulation data and the
inset shows the same quantities plotted on a log-log scale. The scaling
exponent of —1 confirms that the aerosol concentration scales
inversely with speed, U, and suggests that the overall flow patterns are
unchanged over the range of speeds considered here. Therefore, the
average transport of aerosols is dominated by the advection term in
Eq. (2), while the specific concentration patterns inside the cabin could
be affected by the turbulent diffusion. Note that at very low speeds, the
turbulence level may be considerably lower, and the flow patterns will
likely be modified. The gray shaded region in Fig. 6 represents this
low-speed zone where we do not extrapolate our results.

Recently, Yang et al.”’ presented a space—time, social distancing
guide of infection risk for two occupants in an enclosed environment.
Their approach was based on the idea that the risk of infection reduces
with increased social distancing, but rises with duration of the interac-
tion. Therefore, every interaction could be expressed in terms of the
physical separation (space) and duration of interaction (time), and
assigned a risk (in a relative sense) using a space-time diagram. While
this is widely applicable to a number of interactions that occur around
us, the case of transportation needs to be considered slightly differ-
ently, mainly because the physical separation between occupants is
limited inside the cabin of a passenger car and typically a (more-or-
less) fixed distance. However, the driving speed has a crucial effect on
the amount of aerosols circulating within the cabin, and thus the risk
of transmission increases with the ride duration. These factors may be
incorporated to generate an analogous speed-time diagram [Fig. 6(b)]
to represent the relative infection risk when ride-sharing in a passenger
car. The horizontal axis shows that with increasing driving speed the
relative infection risk reduces and the vertical axis captures the
increased risks due to drive duration. The upper limit of concentration

here, corresponding to a drive duration of 60 min, has been arbitrarily
chosen based on recent studies which suggest a high likelihood of
infection for ride duration exceeding an hour.””*' The diagonal line in
Fig. 6(b) has been chosen based on the expectation that a ride duration
shorter than 15min at 50 mile per hour (22 m/s) may be considered
relatively safe.”’ Note that the above diagram considers only the aero-
sol mode of transmission wherein the expectation is that airborne par-
ticles follow the fluid flow and further, that the infection risk increases
linearly with time. Further, we point out that the diagram presents
only the relative risk, based on typical estimates in literature.”"*
When interpreting these, it is important to be aware of the biological
variability in the virus shedding rates and susceptibilities of
individuals.””

Figure 6 recognizes the elevation of aerosol concentration when
the driving speed is low, and therefore the configurations studied thus
far (50 miles per hour driving speed) may not ensure a good ventila-
tion within the cabin in settings where the driving speeds are well
below 25 miles per hour (10 m/s). This can very well be the case in city
traffic. To address this situation specifically, we consider a stationary
passenger car with two occupants. In this situation, simply opening
two windows or the moonroof would not be sufficient to create a good
air flow pattern. Note that for U — 0 the concentration C/C, — 1,
somewhat unrealistically, as the transport due to molecular diffusion is
the only remaining mechanism. In this situation, one could make use
of the air conditioning flow in combination with open windows. Two
configurations that might offer some benefit (Configs. 7 and 8) are
shown in Fig. 7, which considers the aerosol transmission from the
driver to the passenger (D — P). In Config. 7, the air conditioning
vents at the front of the car serve as the primary entrance for fresh air
entering the cabin, while air return vents at the rear of the cabin, along
with the open front-left (FL) window besides the driver seat serve as
the exits. Since the driver is simulated to be infected here (Fig. 7), the
outward flow pattern established at the driver window allows to
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FIG. 7. Driver-to-passenger transmission
for a setting where the vehicle is not mov-

ing, as in city driving or when the vehicle
is stuck in traffic (U=0). (a) Schematic of
the vehicle with a cut plane, A-B-C-D
passing through the mid-height of the win-
dows. (b) The bar graph shows the rela-
tive concentration of aerosols reaching the
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remove the high concentration of contaminated aerosols released by
the driver. The average concentration of aerosols reaching the passen-
ger remains within 4%, as shown in Fig. 7(b). In contrast, when the FL
window is closed and the RR window besides the passenger is opened
(Config. 8), an air path is created which drives the airborne particles
from the infected driver toward the RR window, which leads to a
slightly elevated concentration of aerosols (~8%) near the passenger
[Fig. 7(b)]. Even so, the concentration of aerosols in both configura-
tions remain well below the case where all windows are closed [Fig.
7(b) dashed line].
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U=0 here.

10

C/C(] x 100

Coming to the case of passenger-to-driver transmission (Fig. 8),
the picture is more obvious. First, the front-to-rear flow path created
by the air conditioning vents shields the driver from getting the aero-
sols released by the rear seat passenger in both configurations (Configs.
7 and 8). Second, when the window closest to the infected passenger is
open (RR open, as in Config. 8), it serves as an exit, flushing out the
high concentration of aerosols released by the passenger [Fig. 8(c)].
Both configurations have a relatively low average concentration of
aerosols (<3%). Combining the observations from Figs. 7 and 8, one
may deduce that Config. 7, with air conditioning on and driver
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FIG. 8. Passenger-to-driver transmission
for a setting where the vehicle is not mov-
ing, as in city driving or when the vehicle
is stuck in traffic (U= 0). (a) Schematic of
the vehicle with a cut plane, A-B-C-D
passing through the mid-height of the win-
dows. (b) The bar graph shows the rela-
tive concentration of aerosols reaching the
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driver, that originated from the passenger.
The dashed line gives the average con-
centration that reaches from the passen-
ger to the driver when driving with all
windows closed and air conditioning
turned on (Config. 1 in Ref. 1). (c)
Concentration field of the aerosols origi-
nating from the passenger and reaching
the driver. Note that the line segment A-D
is at the front of the car cabin, and the air
flow speed U =0 here.
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window open, might represent a good option for city driving and par-
ticularly when the vehicle is stuck in traffic.

IV. CONCLUSIONS

We have performed a computational study employing Reynolds-
averaged Navier-Stokes (RANS) simulations to investigate the overall
flow fields and aerosol transmission patterns in a passenger car,
extending the recent work by Mathai et al." to a wider variety of practi-
cally relevant driving scenarios. Although the key conclusions are still
somewhat expected—more ventilation means lower aerosol concen-
trations and lower pathogenic transmission risks—there are neverthe-
less several less-obvious conclusions to be drawn. We have identified
that when driving at high speeds (50 miles per hour or 22 m/s), par-
tially opening windows might be sufficient to remove potentially path-
ogenic airborne particles from the cabin. This provides a practical
compromise when having to drive under poor weather conditions.
Additionally, our analysis has shown the utility of opening the moon-
roof on vehicles while driving, as it serves as an unimpeded exit for the
contaminated cabin air. The results also emphasize a point made by
Mathai et al.' that the microclimate—the distribution of aerosols
within the cabin—is as important as the more integral measures of
ventilation, such as the air changes per hour (ACH) when considering
the occupants’ health risks.

At lower driving speeds, covering the range of 10-22 m/s, we find
that the aerosol concentration can be elevated, scaling inversely with
the vehicle speed. We have presented a speed-time diagram which
allows for an assessment of the relative risk of aerosol transmission as
a function of the driving speed and ride duration. Finally, we consid-
ered the case where the vehicle is stuck in traffic, in which case it may
be beneficial to open the front-left window adjacent to the driver, while
leaving the air conditioning at full blast. The analyses have shown that
this configuration presents a good compromise for removal of the
aerosols released by both the driver and the rear seat passenger.

Several of the assessments made in the present study were based
on existing general guidelines to evaluate indoor air quality and venti-
lation rates.”””” We note that our analyses are strictly limited to the
airborne mode of transmission. Other modes of transmission, such as
those due to violent respiratory expulsions®** that occur during
coughing or sneezing or loud speech, are not encompassed in the pre-
sent study. Furthermore, the steady RANS approach adopted here
presents a simplified, time-averaged treatment of the unsteady
Navier-Stokes equations that govern the fluid flow. Future studies
employing more accurate computational methods, such as large eddy
simulations (LES), fully resolved direct numerical simulations (DNS),
or field testing, could yield better insights with more accurate assess-
ment of the flow patterns and species transport.
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